Abstract. Beet discs aged in 0.5 mM CaS04 develop a capacity to absorb K+ and Cl-from solutions of low concentration. The initial influx of these ions is described by a hyperbolic relationship with concentration in the range 0.01 to 0.5 mM KCI, which is identical with the system 1 absorption isotherm found in other tissues. A second hyperbolic isotherm, attributable to system 2, i's found at higher concentrations (1-50 mm Ka).
reduces subsequent radioisotope uptake to the vacuole only in the range of system 1. These experiments suggest that the cytoplasm serves as a mixing chamber, and that the plasma membrane controls ion uptake to the tissue at 'low concentrations, indicating thazt the system 1 isotherm reflects ion movement into the cytoplasm through the plasma membrane. Flux experiments support this conclusion, showing that development with age of the system 1 isotherm corresponds to a quantitatively similar increase in plasma membrane influx in 0.2 mM KC1.
At higher concentrations the outer membrane no longer rate-limits entry of ions to the vacuole. Isotope influx under these conditions, described by the system 2 isotherm, presumably reflects movement across the tonoplast.
The initial rates of absorption of labeled ions by plant tissues over a wide range of concentrations show 2 or more hyperbolic isotherms which presumably represent carrier mechanisms having different apparent K. values (5) . Torii and Laties (23) recently suggested a spatial separation of the 2 principal ion absorption svstems, which differ in their apparent affinities for ions by almost 3 orders of magnitude. On the basis of a comparison of the ion absorption isotherms in largely non-vacuolated root tips and proximal vacuolated cells, they proposed that system 1 (0.01-0.5 mM) reflects ion transport across the plasma membrane, whereas system 2 (1-50 mM) reflects transport across the tonoplast. -Other distinctions, with regard to inhibitor sensitivity ' (12) , counter ion effects (10) and organic acid synthesis ) (24) , have supported this separation. The dual mechanism of ion transport, developed so extensively by Epstein (5, 6) was further explored in relation to symplastic transport 1 ( 1 1,13 ) , with the further strengthening of the hypothesis of the spatial separation of systems 1 and 2. However, the principal basis for the postulated spatial separation remained one of comparison between vacuolate and non-vacuolate tissues. The experiments described here provide further information about the interrelation of the principal ion absorption processes reflected in the dual isotherm, in a more uniform tissue-the vacuolated parenchyma of beet storage tissue.
As a further extension of this hypothesis it was proposed that system 1 brings the ion concentration of the cytoplasm to a pseudo steady-state which determines the subsequent rate of uptake to the vacuole (23 cf. 17) . It was suggested that at higher concentrations, diffusion of ions across the plasma membrane removes the restriction of svstem 1 transport, and permits more rapid uptake. These features of the hypothesis are readily investigated in aged storage tissue in which the ion fluxes in and out of the cytoplasm and vacuole respectively can be distinguished (15, 19, 25) .
Initial influix rates of labeled ions to a slowly exchaangeable phase of plant tissues are normallv used to construct isotherms (4 (10) , it has been cautioned that a hyperbolic isotherm does not necessarily indicate a specific carrier (1). This paper is primarily concerned with the location of absorption processes described bv dual isotherms, not with the mechanisms involved.
Methods
Red beets (Beta vulgaris L.) were purchased at local markets and stored in moist vermiculite at 15°until use. Discs (10 mm X 1 mm) were cut from the outermost parts of the beet to contain as little vascular tissue as possible. These were used after several washes in 0.5 mm CaS,O4 (fresh discs). or after washing for at least 72 hours in repeated changes of CaSO, solution (aged discs). During washing the solution temperature was maintained below 20°, and sometimes 510 ,g per ml streptomvcin sulphate was added. These measures eliminated obvious bacterial contamination, and as far as could be judged, streptomycin had no effect on subsequent ion absorption (cf. 14). Time-constants for the loss of potassium fromii the cytoplasm were derived from measurements of label efflux into unlabeled solutions after pre-incubation of discs for up to 20 hours in highly radioactive solutions of the same concentration (19) . Batches of discs (1-2 g) were removed from labeled solution at intervals, blotted, and shaken in successive changes of unlabeled solution (10 ml) at 20 or at 250. Aliquots of these solutioins were evaporated to dryness on aluminum planchets and counted as described above. Net flux was measured by change in the potassium concentration of the bathing solution during, the final period of steady loss of radioactivity. The total tissue content and radioactivity of a giveni ion-which at the end of a prolonged wvash-exchange interval yield essentially vacuolar values-were determined on 1:50 HN03 extracts.
The rationale and technique of efflux analysis in relation to compartmentation is as follows. Label is first washed from the free space, following which label from the cytoplasm, and then from the vacuole, is wash-exchanged to the external solution in distinct phases, in which loss of label is first-order. Roughly half the label initially in the cytoplasm may ponent-which is therefore remain therein after a 30 minute washstraight segment exchange at room temperature. However, further 6 to 8 hours-to washing in unlabeled solution does not noticeably e space and cytolower the residual radioactivity in discs after short change time. In absorption periods, suggesting that the proportion the vacuolar conof the total radioactivity localized in the cytoplasm the linear segment is relatively low, and considerably less than half of the cytoplasmic that absorbed. As label enters the cytoplasm, some elds the time-confraction thereof constantly moves on into the vacuole. ange (see 17, 19) .
Almost half the label entering in the first hours and presentation may be in the vacuole (19) , and efflux experiments [by Pitman (19) , such as those depicted in figure 1 have indicated Ls described above.
that when discs have absorbed label from 0.2 mM = external con-K*Cl for from 3 to 18 hours, the label in the cytoation of absorbed plasm may not exceed 5 % of the total. The fracwt, i.e. cpm/so/g tion to be found in the vacuole of course increases wt/hr), qualified with absorption time. In any event residual label ether fluxes are after 30 minute wash-exchange at room temperature (n); and which in our experiments is predominantly in the vacuole, d fluxes between and this fact is crucial with respect to the interprevacuole (v) e.g. tation of our observations. s = specific ac- The meaning which we impute to these observations is that the maximal influx to the vacuole is achieved when the cytoplasmic concentration is maximal, and that roughly the same maximal cytoplasmic concentration is reached ultimately at all values of C. in the range of system 1. As has been mentioned, the time, T, required to reach this concentration varies inversely with the external concentration, and is taken as the time of upward deflection of the time-course curve as noted above.
On the assumption that the cytoplasmic concentration rises through the time, T, at low external concentrations, it is to be expected that at any time, t, less than T, C* will vary with t/T independently of CO. ted from curves such When the steady state cytoplasmic concentration 3, through the range has been attained, influx (fi in fig 3) presumably prediction. Although reflects the rate of tonoplast transport. Although be expected to be the external concentration in the low range conle, C* is linear with tinues to exert some influence on influx when the ;e measurements have cytoplasm has once been filled, the influence is much ghly linear log of the less than when the cytoplasm is empty. As noted in ig 9). figure 4 , 4i throughout the range of system 1 approaches the maximal values of i obtained at external concentrations of 0.3 to 0.5 mm. As anticipated, the maximal influx valtues noted in figure 4 oO are similar to the extrapolated low rates for system 2, shown in figure 6 , where double reciprocal plots of the system 2 isotherms for potassium and chloride are plotted together with the double reciprocal values for the maximal 4i rates of system 1. At higher concentrations, e.g. at 2.0 mim (fig 3) fi is constant /* from the beginning, suggesting that neither movement through the plasma membrane nor cytoplasmic ion concentration is rate-limiting. Pretreatment Experiments. In the range of svstem 1 the influx of labeled ions to the vacuole in aged discs is severely reduced by pretreatment in unlabeled solutions. System 1 was examined at 0.2 mM KCl, while 10.0 mm KCl served to investigate system 2. Figure 7 shows that pretreatment in solutions of higher concentration (10.0 nmum) at 250, however, further depresses (i. The reduction of label influx by pretreatment in unlabeled solutions is reversible. When discs were returned to potassium-free solution after several hours treatment in unlabeled KCI, the subsequent fi for potassium, based on label uptake to the vacuole, increased with incubation time in K-free solution to about the initial level (fig 8) figure 1 . Figure 9 shows that the compartment which exchanges as "cytoplasmic" is more rapidly filled with isotope from 0.2 mm K*Cl at 200 than at 20 and that the half-times for this filling are again similar to those found for the pretreatment effect. These observations agree with the temperature and concentration sensitivity of the pretreatment effect shown in figures 8 and 9, and with the data of others (3, 19) . OSMOND AND LATIES-ION ABSORPTION IN BEET TISSUE7 Thus the pretreatment effect can reasonably be identified with the filling of a cytoplasmic phase having a wash-exchange half-time of something over 30 minutes at 200. If the cytoplasmic phase is prefilled with unlabeled ions, the specific activity of entering labeled ions will be lessened, and uptake of isotope to the vacuole will consequently be diminished. Prefilling should not alter the influx of labeled ions to the cytoplasm. At high external concentrations (10 mM), the cytoplasm reflects the concentration and specific activity of the external solution in a short time, and as a consequence prefilling is of much less influence. Again it should be emphasized that since label moves to the vacuole at the same time that the cytoplasm is being labeled, and since a 30 minute wash-exchange removes a goodly part of the cytoplasmic label, the residual tissue label is predominantly vacuolar. Because isotope influx to the vacuole from solutions in the range of system 1 is very sensitive to the level of unlabeled ions in the cytoplasm, it follows that the primary barrier to ion absorption at these concentrations must be exterior to the cytoplasm. These data again suggest that ion absorption at low concentrations (system 1 isotherm) reflects ion movement across the plasma membrane. In the range of system 2, isotope influx is less sensitive to the influence of pretreatment, suggesting that ion movement across the plasma membrane is not rate-limiting.
Changes in Potassiunm Fluxes with Aging. As shown in figure 2, there is a 20-fold change in the magnitude of the system 1 isotherm in beet discs during aging. In view of the consistent implications of the foregoing experiments that system 1 mediates plasma membrane transport, we examined K* flux rates directly from 0.2 mm solution to determine whether plasma membrane influx showed a more pronounced response to aging than did the other fluxes. Analyses were carried out in the manner of Pitman (19) . While all fluxes increase with aging, the most pronounced change, a 40-fold increase, was associated with the plasma membrane influx (table II) . Isolated steles of corn roots, which show the same development of the svstem I isotherm with aging as do beet discs, also show a sharply enhanced plasma membrane influx (13 17, 18, 19) .
Concluding Remarks
The development with age of a dual isotherm for ion influx in beet is of interest for several reasons. In the comparative sense, the dual isotherm described here has characteristics essentially similar to those found for potassium and chloride in vacuolated tissues of other higher plants (5) . In addition, the development of dual isotherms parallels the well known increase in ion absorption capacity with age in storage tissues. The isotherms are thus related to changes in the balance of ion fluxes (25) , to the characterization as cytoplasmic of a second non-free space compartment for ions in addition to the vacuole (15, 25) , and to the complex changes in metabolism that accompany aging of discs. (fig 4) , and the system 2 isotherm subsequentlv describes absorption.
It is for this reason that in the vears before the (lual nature of the absorption process was recognized, when absorption studies more often than not were carried out at concentrations above 5 mm, the plotting of the reciprocal of the absorption rate against the reciprocal of the external concentration produced straight lines, in accordance with the original formulation of Epstein [see (5, 6) ]. That is to say, no correction was made for the contribution of svstem 1, and, as it develops, none was necessary! Filling of the cytoplasm can be accomplished relatively slowly, at low concentrations (0-0.2 mM), or rapidly at high concentration (e.g. 10 mM). In the latter instance system 2 is demonstrably operative virtually at once. In the former case system 2 is also operative, since transport to the vacuole invariably involves system 2. but the rate is controlled by system 1.
In all tissues so far examined the noticeable change from system 1 to system 2 absorption of miionovalent ions occurs at about 1.0 mM (5 (fig 4) . These fluxes, which prestimably represent tonoplast transport, may be related to a salt transfer mechanism of the type stuggested in ANitella (18) and in other beet experiments (22) .
